The major elements of bone pathology in Gaucher disease are a failure of osteoclast and osteoblast function, resulting in osteopenia and also osteonecrosis. T lymphocytes have recently been found to be involved in the regulation of osteoblast/osteoclast activity in vitro. In the present report the peripheral blood T major lymphocyte subsets were investigated in a group of genotyped type 1 Gaucher disease patients. A total of 31 patients were studied: 21 non-splenectomized (5 N370S homozygotes) and 10 splenectomized (of whom 1 was a N370S homozygote). The results show that non-splenectomized patients present a decrease in absolute numbers of peripheral blood T lymphocytes, specially the CD4 ϩ T subset. However, when patients were analyzed with respect to the presence of bone disease, the number of CD8 ϩ T lymphocytes was found to be statistically significantly lower in patients presenting bone involvement. Furthermore, lower numbers of CD8 ϩ T lymphocytes were significantly correlated with higher levels of plasma tartrate resistant acid phosphatase (TRAP) activity, a putative marker of osteoclast cell activity. These in vivo findings are in agreement with the results reached in vitro by others.
INTRODUCTION
The most prevalent lysosomal storage disease, Gaucher disease, is an autosomal recessive hereditary disorder of glycosphingolipid metabolism, characterized by accumulation of glucosylceramide in cells due to the deficient activity of the lysosomal enzyme glucocerebrosidase (E.C.3.2.1.45). The occurrence of type 1 Gaucher disease (McKusick 230800), the non-neuronophatic form, has an estimated incidence of about 1 in 40.000-200.000 births. A higher prevalence is observed among Ashkenazi Jews in which the incidence is 1 in 625-1.500 (1) . Type 1 Gaucher disease is a multi-system disease associated with striking variation in its clinical onset, severity and course.
Moreover, genetic variation in the glucocerebrosidase locus has not provided a reliable prediction of clinical phenotype or prognosis of the disease. In fact, the determination of the frequency of the prevalent N370S mutated allele in the Portuguese population indicated that the majority of Gaucher disease patients homozygous for this mutation remained undiagnosed (2) .
Although glucocerebrosidase is present in almost all cell types, the accumulation of glucosylceramide is characteristically observed in macrophages, as the result of their role in the turnover of red blood cells and consequently on the degradation of membrane glycolipids. The occurrence of these lipid loaded macrophages (Gaucher cells) in tissues and organs, underlies the most common signs of pancytopenia, organomegaly and skeletal deterioration (reviewed in 3). Infiltration of normal bone marrow by lipid-laden Gaucher cells results in apparently progressive displacement of the fat-rich marrow with a consequent shift in haematopoietic activity from proximal to more distal sites (4) . The pathophysiology is however not clearly understood. In particular, the balance between the impact of altered numbers and increased activity of osteoclasts and the possibly suppressed osteoblast activity (5) . Enzyme supplementation therapy (6) which has as its principal aim the correction and/or prevention of ongoing formation of the lipid loaded macrophages, has proven to be safe and effective in improving the haematological parameters and reducing the organomegaly in Gaucher disease patients. The general experience is however that the skeletal response to therapy lags behind all other symptoms (7) . In fact, although tissue distribution studies with tracer doses of radio-iodinated mannoseterminated enzyme show avid uptake in the marrow in proportion to the putative cellular pool of macrophages in this organ (8) ,direct ␤-glucosidase measurements in bone marrow aspirates showed very little activity of the infused enzyme in the marrow macrophages (9) . Recent reports of studies in vitro point to the involvement of T lymphocytes in bone homeostasis via the regulation of osteoclast differentiation (10, 11) . In the present study, the T lymphocyte profile was studied in Gaucher disease patients in order to verify if abnormalities in the immune system could also be associated to the clinical expression of the disease. Plasma chitotriosidase activity, a human chitinase and a putative marker of macrophage activation (12) which may reflect the overall Gaucher cell accumulation in the body (reviewed in 14) , and the tartrate resistant acid phosphatase (TRAP) activity (13) , which may constitute a marker of osteoclastic activity (15) , were also studied.
PATIENTS AND METHODS

Glucocerebrosidase Activity
The biochemical diagnosis of the Gaucher disease patients was done by determining the residual activity of glucocerebrosidase in peripheral blood total leukocytes (16) .
Genotype Analysis
Patients were genotyped using previously described methods. Most of their genotypes have already been reported (17, 18) .
Clinical Evaluation
The patients' present ages range from 10 to 62 years, 11 of them being male and 20 women. In general all nonsplenectomized patients suffered from enlargement of the liver and spleen with subsequent pancytopenia and abdominal pain. Ten patients had been subjected to total splenectomy which, with the exception of one patient, resulted in the correction of anaemia and thrombocytopenia.
The accumulation of Gaucher cells in bone marrow is associated with varying degrees of necrosis, fibrous proliferation and resorption of the bony trabeculae, followed by erosion of the endosteal surface of the cortex and modelling deformities. Bone pathology was evaluated by treating clinicians by several methods including X-ray, magnetic resonance imaging (MRI) and bone tomodensitometry. The lesions detected range from diffuse osteoporosis (stage 1), to medullary expansion (stage 2), to osteolysis (stage 3), to necrosis/sclerosis (stage 4), to destruction and collapse (stage 5) (19) . One of the earliest clinical signs of bone involvement is the Erlenmeyer flask deformity of the distal femur and the proximal tibia (stage 2) which although not pathognomonic of the disease, is seen in most patients at presentation.
For each patient, the clinical severity was calculated on the basis of the Zimran severity score index (SSI), which takes into account the age of onset, the degree of organomegaly, liver function tests, clinical signs of liver disease, cytopenia, bone involvement and other organ involvement (20) .
Patients submitted to intravenously administered enzyme supplementation therapy started treatment with alglucerase, human glucocerebrosidase purified from human placenta and enzymatically deglycosylated to reveal terminal mannose residues, which are recognized by the macrophages membrane mannose-specific receptors, allowing the targeting and intracellular trafficking of the enzyme (21) . Presently all treated patients are receiving the recently available imiglucerase (human glucocerebrosidase expressed as the recombinant product in engineered Chinese hamster ovary cells and enzymatically deglycosylated). With respect to the dosage and frequency of administration, all the presented five patients started with 60 U/kg/every 2 weeks. Treatment regimens were changed according to the patient's clinical response, as follows: Patient 19, 33 and 35 reduced the receiving dose to 30U after respectively 3, 6 and 9 months of treatment. Patient 33 returned to the initial dose after the 12th month of treatment. Patients 19, 41, 35, 33 and 1 changed to imiglucerase at respectively the 14, 18, 18, 27th and the 33rd month of treatment.
All studies were done with the patients' consent.
Tartrate Resistant Acid Phosphatase (TRAP) Activity
TRAP activity was measured in plasma separated from heparinised peripheral blood (22) . Acidified plasma was incubated with 5 mmol/l 4-methylumbelliferyl-phosphate substrate, prepared in 0.1 mol/l sodium citrate buffer, pH 6.0, with 0.02 mol/l tartaric acid. 
Chitotriosidase Activity
Chitotriosidase activity was measured in plasma separated from heparinised blood (12) . Acidified plasma was incubated with 0.0260 mmol/l 4-methylumbelliferyl-␤-D-N,NЈ,NЉ-triacetylchitotriose substrate prepared in 0.1mol/l citrate-phosphate buffer, pH 5.2.
Hematological Parameters
Whole blood cell counts were done in a Coulter JS automatic cell counter.
Freshly collected peripheral blood mononuclear cells were stained with CD4-FITC (or PE), CD8-FITC (or PE) and CD3-FITC monoclonal antibodies from DAKOPATTS and analyzed in a FACscan as described previously (23) .
Statistical Analysis
Subjects were subdivided into three categories according to genotype. The chi-square test for independence was used to examine the association between bone involvement (present, absent) and genotype subgroup (NS370S/NS370S, NS370S/L444, and other). The nonparametric KruskalWallis analysis of variance was applied to test for differences in the average Zimran severity score index in the three genotype subgroups. The Kruskal-Wallis test was also used to compare the average number of peripheral blood CD4 ϩ and CD8 ϩ T lymphocytes found in controls with that of non-splenectomized Gaucher disease patients subdivided according to presence or absence of bone involvement. Spearman rank correlation coefficients were calculated to test for a linear association between the number of CD4 ϩ and CD8 ϩ T lymphocytes and plasma TRAP enzymatic activity. All statistical tests were performed at the level of significance of 0.05. These data were analyzed using SPSS (Statistical Program for the Social Sciences).
We also performed longitudinal patient-specific analyses to detect changes in the mean number of T lymphocyte cells and mean chitotriosidase and TRAP activity in those patients treated with alglucerase/imiglucerase enzyme supplementation therapy for at least 24 months. For the analysis from a single patient, multiple regression models were formed in a hierarchical step-down fashion (24) . The response variables were percent of initial activity for CD4 ϩ cells, CD8 ϩ cells, chitotriosidase activity and TRAP activity. To model the mean change in each response variables, indicator variables represented whether a change did, or did not, occur during each specified month of therapy. All possible subsets of indicator variables (i.e. months) were considered using the method known as Leaps and Bounds (25) . Thus, models with one or more change(s) in the mean response were compared to that of the null model (no change in the mean response during therapy). A minimum risk criteria was applied for model selection (26) . Specialized programs for these longitudinal analyses were written using the statistical programming language S-PLUS 4.5 (MathSoft, Inc., Seattle, Washington).
RESULTS
Patients' characteristics including age, sex, genotype, clinical presentation with respect to splenectomy, bone involvement, and the overall disease severity, presented as severity score (SSI) on the basis of the respective clinician assessment, are shown in Table 1 . When analyzed by genotype, the association between bone involvement (present, absent) and genotype subgroup (NS370S/NS370S, NS370S/L444, and other) was statistically significant (pϭ.013). A lower proportion of N370S/N370S homozygous patients was found to present bone involvement ( Table  1) .
As can be observed in Figure 1 , this is reflected in a comparatively milder overall clinical presentation of the N370S homozygotes, as assessed by the Zimran severity score index (SSI) on the basis of the respective clinician assessment (Figure 1) .
Peripheral Blood CD4 ϩ and CD8 ϩ T Lymphocyte Subpopulations
The study of the peripheral blood total leukocytes showed that the large majority of non-splenectomized Gaucher disease patients presented with leucopenia (mean Ϯ sd; 3 995 Ϯ 1 721 cells ϫ 10 6 /l, n ϭ 20) whereas the splenectomized ones presented in general a leucocytosis (13 240 Ϯ 4 901, n ϭ 10, p Ͻ 0.01).
Non-splenectomized patients were analyzed separately and when compared to controls, with one exception, Gaucher disease patients were found to present decreased numbers of the CD4 ϩ T lymphocyte subset (Figure 2) . Although the number of Gaucher disease patients without bone involvement is low (n ϭ 4), the number of CD8 ϩ T cells tended to be distinct on the basis of the presence or absence of bone disease (Figure 2) .
In an analysis comparing the number of T cell subsets in Gaucher disease patients with that of controls, a significant difference (p Ͻ 0.05) between the number of both CD4 ϩ (483.1 Ϯ 173.4) and CD8 ϩ (333.9Ϯ156.0) T lymphocyte subsets (cells ϫ 10 6 /l) was observed in non-splenectomized patients presenting bone involvement (n ϭ 16), as compared to controls (respectively 941.2 Ϯ 289.6 and 435.0 Ϯ 136.1, n ϭ 56) ( Table 2 ). The available number of Gaucher disease patients without bone disease is however not sufficient to substantiate the differences in T cell numbers between patients with and without bone involvement.
Peripheral Blood T Lymphocyte CD4 ϩ and CD8 ϩ Subpopulations and Plasma Tartrate Resistant Acid Phosphatase (TRAP) Activity
To study whether T lymphocyte numbers could be associated with osteoclastic activity, plasma TRAP enzymatic activity was measured in all the patients. As shown in Figure 3 , in non-splenectomized Gaucher disease patients with bone involvement, a significant negative correlation was observed between TRAP activity and CD8 ϩ T lymphocyte cell numbers (r ϭ Ϫ0.508, p Ͻ 0.05). With respect to the CD4 ϩ T lymphocyte subset, of the regression models fit to the data (e.g. linear, cubic, exponential) none had acceptable goodness-of-fit.
Peripheral Blood CD4 ϩ and CD8 ϩ T Lymphocyte Sub-Populations in Patients Submitted to the Enzyme Supplementation Therapy
To address the question whether the abnormally low T cell numbers presented by patients with bone involvement reflected disease activity, the peripheral blood T lymphocyte subset numbers were followed in 5 patients undergoing alglucerase/imiglucerase enzyme supplementation therapy for at least 24 months. As shown in Figure 4 , in four from 
cells occurred only after 12 months of therapy. Two patients showed a decrease in mean CD4 ϩ and CD8 ϩ cells from pretreatment values. For patient 41, a significant decrease in mean CD4 ϩ cells was observed by 18 months after the beginning of enzyme supplementation therapy. This decrease to 68% of initial T lymphocyte numbers (95% confidence interval: 48 to 84%) was accompanied by a corresponding decrease in CD8 ϩ cells of 58% of initial number (41 to 75%). At this time the therapeutic regimen was changed to imiglucerase. Similarly, patient 1 showed an estimated mean decrease of 45% of initial numbers (13 to 47%) in CD4 ϩ cells and a percentage decrease in CD8 ϩ cells of 30% (13 to 47%) by 42 months of therapy. We note that the treatment was changed to imiglucerase at the 33 rd month of treatment. In contrast, two additional patients responded to therapy with an increase in mean CD4 ϩ and CD8 ϩ cells. For patient 33, an estimated increase of 306% of baseline in CD4 ϩ T cells (271%, 341%) had occurred by 33 months after beginning of therapy, 6 months after beginning of therapy with imiglucerase, with a corresponding mean percentage increase in CD8 ϩ cells of 211% (196 to 226%). By 24 months of therapy, patient 35 showed a statistically significant mean increase of 191% from baseline (184%, 198%) in CD4 ϩ cells and of 222% (203%, 241%) in CD8 ϩ cells, 6 months after beginning of therapy with imiglucerase. Using this longitudinal analysis, the change in T cells of patient 19, observed at the 3rd month of therapy was not significant.
The abnormally high chitotriosidase activity in Gaucher disease has been a useful marker of response to therapy, being thus included in this study. One of the patients (patient 33) presents the inherited deficiency in chitotriosidase activity, which is observed in about 6% of the population (12) . With this exception, and as can be observed in Figure 4 , therapy has the effect of progressively lowering chitotriosidase activity to a sustained level. With respect to TRAP activity, in some patients it can be observed a comparatively slower and irregular decrease (patients 41, 1 and 19), observation that agrees to the unclear evolution of bone disease in these patients. Using longitudinal patient-specific statistical analyses, we examined the chitotriosidase and TRAP activity in these five patients, to test for statistically significant changes from pretreatment mean baseline activity. We found that for 4 of 5 patients one to two significant decreases occurred that preceded significant changes in CD4 ϩ and CD8 ϩ T cells. For example, chitotriosidase activity decreased to 33% of initial activity (95% confidence interval: 24 to 42%) by the 6th month of therapy for patient 1 and to 57% of initial activity (43 to 71%) by the 3 rd month of therapy for patient 41. Similarly, by the 6th and 3rd months of therapy respectively, significant decreases in TRAP activity were observed from 41% of initial activity (25%, 58%) for patient 1 and to 57% of initial activity (43 to 71%) for patient 41. Using this longitudinal analysis, no statistically significant mean changes in chitotriosidase or TRAP activity were observed for patient 19.
The coefficient of determination for models of changes in mean blood T lymphocyte subsets, chitotriosidase, or TRAP activity varied from 79 to 100% indicating a good fit of longitudinal non-linear regression models to the data.
Clinically it must be stated that after about 24 months of treatment, patient 33 showed imagiological signs of improvement (e.g. closed pathological fracture) whereas patient 1 started to present vertebral compression. With respect to the patients submitted to less period of treatment, no improvement was observed in the bone lesions.
DISCUSSION
Bone involvement is one of the least understood aspects of the clinical heterogeneity of Gaucher disease. In this and in an earlier study of Portuguese Gaucher disease patients genotyped for the most frequent glucocerebrosidase mutations (17), it was found that patients homozygous for the N370S mutated allele have a milder presentation of Gaucher disease. In the present study, 4 of the 6 N370S homozygous Gaucher disease patients were classified as having no bone involvement. Although this indicates that genotype is implicated in the outcome of clinical phenotype, it is an insufficient explanation for the mechanism(s) involved in the pathophysiology of Gaucher disease. The study of peripheral blood T lymphocytes in Gaucher disease patients showed that the number of CD8 ϩ T lymphocytes was statistically significantly lower in patients presenting bone involvement. Decreased CD8 ϩ T lymphocyte numbers have also been reported in other diseases associated with bone resorption (27, 28) . Studies of the influence of T lymphocytes in co-cultures with bone marrow cell populations containing osteoclast precursors, demonstrated that depletion of T lymphocytes from the cultures resulted in the expansion of the number of osteoclasts in vitro (9) . More recently (10), a mechanism was proposed for the osteoclastogenesis inhibition, in which IL-18 (produced by stromal cells or other cells of the bone microenvironment) act on T cells via an unidentified receptor, to increase GM-CSF production, which ultimately inhibits osteoclastogenesis. These models are useful in dissecting the components of a particular effect but their exact relevance must be tested in vivo. The finding of a statistically significant correlation between the number of CD8 ϩ T lymphocytes and increased TRAP activity (a putative marker of osteoclastic activity) is indeed in keeping with the observations reported in vitro. The finding of low CD4 ϩ T lymphocytes is also of particular interest in view of earlier work where an increase in GM3 ganglioside was reported in tissues of Gaucher disease patients (29) and more recent studies showing that gangliosides interaction with CD4 favors its internalization and degradation (30, 31) .
The present study of serial samples obtained during enzyme supplementation therapy has the additional interest of permitting to do a longitudinal analysis of lymphocyte changes with correction of the enzymatic defect. The progressive decrease of chitotriosidase is an indicator of diminishing glucocerebrosidase loaded macrophages (Gaucher cells) activation. With respect to the patients submitted to the larger period of therapy, in spite of the initial reduction of chitotriosidase activity in patient 1, the spleen remained highly fibrotic and a significant decrease in numbers of lymphocytes was observed. Interestingly, this significant decrease in T lymphocytes coincided with worsening of the bone involvement. In patient 33 the significant decrease of splenomegaly and increase in numbers of T lymphocytes coincided with an improvement in bone involvement. Independently of the reported low delivery of the enzyme to the marrow macrophages (9) , in those GD patients in whom the CD8 ϩ T lymphocyte decreased numbers are due to the spleen sequestration, the reduction of splenomegaly due to the enzyme supplementation could be expected to result in an improvement of bone pathology.
The present results albeit preliminary constitute an additional illustration of the growing importance of the T lymphocyte system in the putative regulation of other systems as already demonstrated in other diseases. They point also to the potential usefulness of the determination of subset lymphocyte numbers as an indicator of severity of disease and a predictive marker of response to treatment.
